Introduction {#s0005}
============

The abundant industrial production of food products has led to a great demand for flavoring compounds. Nutty flavor is one of the most popular flavors to the consumers. However, the production of nutty flavor by direct extraction from plant sources is very expensive. The flavor characteristics of pyrazines could be generally described as nutty, roasted and toasty, dependent on the nature of the alkyl substituent [@b0005]. Chemical methods of pyrazines synthesis have been reported [@b0010]. However, consumers prefer natural products even though they are much more expensive than their corresponding chemicals. Therefore, many investigations have been directed towards the search of other strategies to produce natural flavors.

Microorganisms are essential for the development of the desired flavors by bioconversion of natural precursors of flavoring substances that can be labeled as natural and represent as such an interesting area in the field of food science [@b0015]. Organic nitrogen sources were found to be necessary for healthy growth and accumulation of the volatile compounds. Pyrazines production by microorganisms from natural raw materials becomes more appropriated for its bio/or natural properties [@b0020].

Enzyme hydrolysate of soybean meal supplemented with vitamin was found to be essential for efficient production of tetramethyl pyrazine (TTMP) when fermented by *Bacillus mutant* [@b0025]. TTMP and 2,5-dimethylpyrazine (2,5-DMP) are the main pyrazines produced by *Bacillus subtilis* from fermented cocoa bean and considered as important contributors to its flavor [@b0030]. Several alkylpyrazines were produced by *Bacillus subtilis* grown in solid substrate conditions using soybean suspended in water supplemented with threonine and acetoin [@b0035] as precursors of 2,5-DMP and TTMP, respectively.

Biotechnological use of *C. glutamicum* has been impressive progress for the production of various chemicals [@b0040]. Considerable quantity of alkypyrazines had been produced by *C. glutamicum* with trimethylpyrazine (TMP), TTMP and acetoin as main compounds [@b0045]. In our previous study *C. glutamicum* was used for the bioproduction of beef-like flavor from enzymatic hydrolysate of mushroom and soybean meal enriched with cysteine, as a precursor of beef aroma. The results confirmed the essential role of the precursors on the production of the desired flavor [@b0050].

Although there are several studies dealing with the bioproduction of the pyrazine derivatives [@b0025], [@b0035], no one has been evaluated their quality as flavoring agents. Microencapsulation by using spray drying is the most commonly technique used for the production of dry flavorings that are easy to handle and incorporate into dry food mixture. Flavor retention and stability against oxidation are strongly influenced by the carrier material [@b0055]. Gum Arabic is the most common used carrier in food industry [@b0060].

The main purpose of the present study was the bioproduction of economic and safe nutty flavoring by *C. glutamicum.* The enzymatic hydrolysate of soy bean meal was used as the main source of free amino acids and carbohydrates that are required for the bioproduction of nutty flavor. Addition effect of amino acids that are considered as precursors of pyrazines on the volatiles released during fermentation of enzymatic soy bean hydrolysate was investigated.

The Flavor and Extract Manufactures Association had recommended the pyrazines as safe (GRAS, generally regarded as safe) flavoring agents in food [@b0065]. Therefore, the nutty flavor that exhibited the best quality was subjected to toxicological study to confirm its safety. The present study was extended to evaluate the effect of encapsulation in gum Arabic and storage on the odor quality and retention of the volatile compounds of the nutty flavorings.

Material and methods {#s0010}
====================

Materials {#s0015}
---------

### Plant materials and chemicals {#s0020}

Defatted soybean meal (48% protein, 28.6% total sugar, 9.7% reducing sugar, 6% lipid, 9.0% ash, and 8.4% moisture) was obtained from Food Technology Research Institute, Agric. Res. Center, Giza, Egypt. Amino acids; threonine and lysine, authentic compounds, and standard *n*-paraffin (C~8~-C~22~) were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). Flavourzyme (from *Aspergillus oryzae*) and Alcalase (from *Bacillus Licheniformis*) were obtained from Novo Nordisk A/S (NOVO ALLE, DK - 2880, Bagsvaerd, Denmark). Glucose, agar and H~2~SO~4~ were purchased from Merck Company, Germany. Peptone, yeast extracts and di-ammonium phosphate was purchased from Loba Chemie, Bombay, India. DNS was purchased from Sigma Aldrich Chemical Co. Filter papers (Whatman No. 1, 15 cm diameter) Whatman International Ltd Maidstone, England.

### Experimental animals {#s0025}

Fifty-six senile albino mice (50% male and 50% female) of body weight ranging from 23 to 25 g. were purchased from Animal House of National Research Centre, Cairo, Egypt to be used in the acute toxicity test. The mice were housed in stainless steel cages. Each group consisted of 4 male and 4 female mice were kept in a cage (i.e. 8 mice per cage). Water and food were provided *ad libitum*. The animals were housed at 26 ± 2 °C and 55 ± 10% relative humidity. *The acute toxicity test was implemented according to the Medical Research Ethics Committee for institutional and national guide for the care and use of laboratory animals, National Research Centre; Cairo, Egypt (Publication No. 85-23, revised 1985)*.

### Bacteria {#s0030}

*C. glutamicum* 1220T, collected from Microbiological Resources Center; Cairo, Egypt (MIRCEN), was cultured and maintained on nutrient agar slant (13 g/L yeast extract, 10 g/L peptone) at 28 °C for 24 h. The direct microscopic method (optical light microscope (10 × 90) Olympus CH40, New York, USA) was carried out for examining the morphological feature of vegetative cells using production medium for 3 days and Gram staining.

Methods {#s0035}
-------

### Production of enzymatic hydrolysate {#s0040}

The enzymatic hydrolysate of soybean meal was prepared according to Aaslyng et al. [@b0070]. Flavourzyme and Alcalase were used for the hydrolysis of protein. The prepared hydrolysate was used as the main substrate for the production of nutty-like flavor by *C. glutamicum*. To determine the content of free amino acids, the hydrolysate was subjected to centrifugation and the precipitate was washed with 300 mL of tap water and centrifuged again. The combined hydrolysates in water were filtered, freeze-dried (Snijders Scientific b.v. Model L45 Fm-Ro, Tilburg, Holland), and stored immediately in closed glass bottles at −10 °C pending further analysis. Composition and content of free amino acids of the enzymatic hydrolyzed protein (E-HVP) was determined as described in previous study using LC3000 amino acid analyzer (Eppendorf--Biotronik, Maintal, Germany) [@b0075].

### Production medium and batch culture of bacterial strain {#s0045}

*C. glutamicum* was first grown on nutrient broth (YP) medium for 12 h in 250 mL shaking flask with agitation, then inoculated (2%) into the GYP medium, which composed of (g/L) glucose, 100; yeast extract, 10; peptone, 30; and di-ammonium phosphate, 30 at pH 7.2; autoclaved at 121 °C for 20 min. The glucose was autoclaved separately. GYP medium was inoculated (6%) into production medium, which composed of 50 mL sterile soybean hydrolysate supplemented with 5 g of a sterile mixture of threonine and lysine (at equal molar ratio) at pH 8 and incubated with shaking (150 rpm) at 28 °C for 3, 5, 7, and 9 days. Each fermented medium was cooled in an ice bath and filtrated. The residual was washed with 100 mL distilled water and filtrated again.

### Determination of reducing and total sugars {#s0050}

Reducing sugars was determined in the filtrate according to dinitro salicylic acid (DNS) method [@b0080] and total sugar according to phenol-H~2~SO~4~ method [@b0085] using glucose as standard.

### Biomass determination {#s0055}

The growth of the two fermented cultures during incubation period was measured as dry weight of mycelium. The mycelium of each flask was filtered, using filter paper (Whatman No. 1; 15 cm diameter), washed three times with distilled water, and dried for 24 h at 85 °C. Each filtrate was subjected to the following analysis.

### Odor sensory analysis {#s0060}

Evaluation of odor quality of the nutty-like aroma generated by *C. glutamicum* fermented on the soybean meal hydrolysate was carried out during incubation period 9 days. The evaluation was conducted by a well-trained panel consisting of 10 member (6-female and 4-male) drawn from Food Technology and Nutrition Division, National Research Center, Cairo, Egypt. All panelists had experience with odor sensory analysis "\>20 h". Preliminary description odor sensory analysis had been carried out by the panelists through three sessions each spent 2 h to determine the odor sensory attributes of the sample. Two descriptions were selected (nutty and chocolate) and used for the quantitative odor analysis. The panelists were trained for additional 3 h to identify and define the intensity of nutty-like aroma in terms of appropriate reference samples (roasted peanut and raw chocolate). The panelist sniffed and scored the intensity of the perceived nutty-like aroma of each culture medium on the 3^rd^, 5^th^, 7^th^, and 9^th^ days on a category scale 0 (not perceptible) to 10 (strongly perceptible). Each sample was evaluated in triplicate.

### Acute oral lethal toxicity test {#s0065}

Acute oral lethal toxicity test for nutty flavor (E microbiology) was carried out according to Goodman et al. [@b0090]. The animals were divided into seven groups; each of 8 mice. Seven dose levels ranging from 0.5 to 12 g nutty-like flavor/kg mouse body weight were given orally to the mice of the different groups. Mortality counts were recorded among each group (if any) in the next 24 h.

### Preparation of encapsulated nutty-like flavor {#s0070}

Arabic gum at concentration of 10%, w/w was dispersed in the filtrate, vigorously homogenized (10,000 rpm/3 min) at 25 °C and then subjected to spray drying in Buchi, B-290 model mini spray dryer-Switzerland, equipped with 0.5 mm diameter nozzle. Encapsulation process was conducted as previously described [@b0075]. The spray dried powders were filled immediately in airtight, self-sealable polyethylene pouches and stored at −10 °C until further studies.

### Headspace solid phase microextraction(HS-SPEM) {#s0075}

A divinylbenzene/carboxen/polydimethyl siloxane (DVB/CAR/PDMS) fiber (coating thickness: 50/30 µm) was used in solid-phase microextraction analysis (Supleco, 57348-U, Bellefonte, PA, USA). This fiber showed a high ability to extract the alkylpyrazines [@b0095]. The optimum extraction conditions (time and temperature) of the target volatile compounds were investigated. Each target compound was spiked to 5 mL of the filtrate placed in a 10 mL headspace glass vial sealed with a PTFE faced silicon septum (Supelco, Bellefonte, PA, USA) at concentration 1 µg/ mL. The extraction efficiency of each compound at various extraction temperatures was determined. The results revealed that 60 °C was the most adequate temperature for optimum extraction. The times of extraction from 20 to 70 min were investigated (data not shown). Extraction time 60 min showed the best result therefore was chosen for SPME of the volatiles in headspace of each sample.

The combined filtrates of each culture (50 mL) with 9.72 µg of 3-heptanol was placed in a 100 mL headspace glass vial sealed with a PTFE faced silicon septum (Supelco, Bellefonte, PA, USA). Extraction was performed by exposing the SPME fiber to the headspace of each sample for 60 min at 60 °C, then it was inserted into the GC injection port for desorption (260 °C/5 min in splitless mode). Before use, the fiber was conditioned in the injection port of the GC (270 °C/1 h) as recommended by manufacture. Extraction was carried out in triplicate for each sample.

### Gas chromatography--mass spectrometry (GC--MS) analysis {#s0080}

Analysis of the volatile compounds was performed by a gas chromatography (Hewlett-Packard model 5890, USA) coupled to a mass spectrometer (Hewlett-Packard-MS 5970, USA). The injection was conducted in the splitless mode for 5 min at 260 °C. The GC was equipped with a fused silica capillary column DB5 (60 m × 0.32 mm i.d. × 0.25 μm film thickness). The oven temperature was held initially at 50 °C for 5 min and then programmed from 50 to 250 °C at a rate of 4 °C/min. Helium was used as the carrier gas, at flow rate of 1.1 mL/min [@b0075]. The mass spectrometer was operating in the electron impact mode (EI) at 70 eV and scan *m*/*z* range from 39 to 400 amu. The retention indices (Kovats index) of the separated volatile compounds were calculated with reference to the retention time of a series of n-paraffin (C~6~-C~20~) as external standard run at the same conditions. The isolated peaks were identified by matching with data from the library of mass spectra (National Institute of Standard and Technology, NIST) and comparison with those of authentic compounds and published data [@b0100], [@b0105], [@b0110]. The relative concentration of each identified compound was calculated by comparing the peak area of the compound in each chromatogram with that of 3-heptanol, an internal standard compound, on total ion chromatograms (TIC) of GC--MS, assuming all response factors were 1. Each reported concentration is the average of three separate extractions.

Statistical analysis {#s0085}
--------------------

Analysis were performed in triplicate for each sample for all the tests, except for odor sensory evaluation ten replicates were used. Each data was presented as mean ± standard deviation (±SD). Obtained data were subjected to analysis of variance (ANOVA) by the Statgraphics package (Statistical Graphics Corporation, 1993; Manugistics Inc., USA) followed by the multiple range test L.S.D. (Duncan multiple range test) at the significant level at *P* \< .05.

Results and discussion {#s0090}
======================

Composition of free amino acids {#s0095}
-------------------------------

Organic nitrogen sources were found to be very important for bioproduction of the volatile compounds as well as the growth of fermented cultures. Enzymatic hydrolysis of protein results in a release of free amino acids that can be subsequently degraded by bacteria into various flavor compounds [@b0025], [@b0115].

In the present study, the enzymatic hydrolysate of soybean meal was used as a source of nitrogen and sugar that are required for the culture growth. Composition of the free amino acids in the enzymatic hydrolyzed soybean meal is cited in Table 1S (Suppl. materials). A total of 15 amino acids were determined with total concentration 48.52 ± 6.07 mg/100 mL. Phenylalanine was the major free amino acids (8.70 ± 1.09 mg/100 mL) followed by leucine (6.38 ± 0.80 mg/100 mL).

A direct biosynthetic link had been demonstrated early between the bioproduction of pyrazines and the free amino acids valine, leucine and isoleucine [@b0120]. Lysine and [l]{.smallcaps}-threonine enhanced the bioproduction of 2,5-dimethylpyrazine by *Bacillus cereus* and *Bacillus subtilis* [@b0035], [@b0125]. Free amino acids produced during cocoa fermentation are the main precursors of chocolate flavor [@b0130].

Culture growth {#s0100}
--------------

The correlation between the culture growth (dry matter) of *C. glutamicum* during fermentation of hydrolyzed soybean meal, with and without addition of amino acids, and the content of each of total and reducing sugars is shown in [Table 1](#t0005){ref-type="table"}. It is obvious that there was a high correlation coefficient between the culture growth and sugars (total and reducing) consumed during incubation time (9 days) for each investigated sample. Early study [@b0045] revealed that the biomass growth of fermented soybean was corresponded with sugar consumption. Also, sugar catabolism gave rise to accumulation of acetoin, which is considered as the precursor of TTMP, the potent odorant of roasted nutty flavor [@b0020]. As shown in [Table 1](#t0005){ref-type="table"}, during incubation period the sugars (total and reducing) showed insignificant increase (*P* \> 0.05) in sample supplemented with amino acids compared with the unsupplemented sample. This result is consistent with previous studies [@b0135], [@b0140], which revealed that addition of amino acids gave rise to a decrease in consumed sugars during fermentation.Table 1Correlation between sugar content (total sugar and reducing sugar) and culture growth (dry matter) of fermented soybean hydrolysats (with and without amino acids) during incubation time.Incubation time (days)Without amino acidWith amino acidTotal sugarReducing sugarsDry matterTotal sugarReducing sugarsDry matter[\*\*](#tblfn2){ref-type="table-fn"}055.33 ± 2.1113.74 ± 0.881.3 ± 0.2753.46 ± 2.1514.26 ± 0.971.4[\*](#tblfn1){ref-type="table-fn"} ± 0.28342.16 ± 1.8312.56 ± 0.974.8 ± 0.3343.22 ± 1.5512.81 ± 0.885.2 ± 0.33535.20 ± 1.339.15 ± 0.676.3 ± 0.4836.16 ± 1.679.21 ± 0.486.6 ± 0.370729.15 ± 0.987.52 ± 0.637.1 ± 0.6629.65 ± 1.027.85 ± 0.377.6 ± 0.68922.86 ± 0.975.61 ± 0.337.6 ± 0.6823.11 ± 0.975.76 ± 0.287.9 ± 0.88r0.9800.9480.9890.975[^1][^2][^3]

Odor sensory evaluation {#s0105}
-----------------------

The effect of incubation time on intensity of the nutty-like aromas (NF and NFA) produced by *C. glutamicum* from the two investigated cultures (soybean hydrolysate and soybean hydrolysate supplemented with amino acids, respectively) is shown in [Fig. 1](#f0005){ref-type="fig"}. The odor intensity was scored by 10 panelists, three replicates were applied to assess the results. In general, the aroma perceived was described as nutty like aroma with chocolate note. The aroma was detected after five days in the culture supplemented with amino acids, but at low intensity, followed by a gradual increase during incubation period. The nutty chocolate-like aroma was perceived at low score in NF sample after 7 days. However, it showed a significant (*P* \< 0.05) higher score (8.5) at the end of incubation time (9 days) than NF-A sample.Fig. 1Odor sensory evaluation of nutty-like flavor produced by *C. glutamicum* from fermented soybean hydrolyzate supplemented (NF-A) and unsupplemented (NF) with amino acid (vertical bars represented ± SD of the means, n = 10). Odor intensity, at each incubation time, followed by same letter means no significant deference at *P* \< .05.

Volatile compounds {#s0110}
------------------

The headspace volatiles released during fermentation of the two investigated culture (NF and NF-A) by *C. glutamicum* were isolated and subjected to GC--MS analysis to explain the variation in odor intensity between them. [Table 2](#t0010){ref-type="table"} shows the identified volatile compounds and the recovered amount of each of them as well as the description of their odor as reported in literatures. The total volatiles in both cultures showed a gradual increase during incubation period. However, at the end of fermentation time their total content was higher in sample NF than NF-A. This finding may be correlated to the decrease in pH during amino acids catabolism [@b0145]. The main identified compounds, presented in [Table 2](#t0010){ref-type="table"}, are two branched aldehydes, acetoin and six pyrazine derivatives. The total yield of the two branched aldehydes, 2-methylbutanal and 3-methylbutanal, showed a gradual increase during incubation period, however their total yield was higher in NF (3.22 mg/L) sample than NF-A (1.16 mg/L) at the end of fermentation. These compounds are the biodegradation products of isoleucine and leucine respectively [@b0150], they are described to have malty-dark chocolate note [@b0155]. As shown in Table 1S leucine (6.38 ± 0.80 mg/100 mL) was the second major compound in the enzymatic hydrolyzed soybean meal. These results confirm the chocolate note of the perceived nutty flavor.Table 2Volatile compounds identified in nutty chocolate-like aroma generated by *C. glutamicum* from enzymatic soybean meal hydrolysate supplemented (NF-A) and unsupplemented (NF) with amino acids.Peak NoComponentsTime of fermentationDescriptionKI[a](#tblfn3){ref-type="table-fn"}3 days5 days7 days9 daysNFNF-ANFNF-ANFNF-ANFNF-A12-Methylbutanal6390.06^a^ ± 0.010.02*^a^* ± 0.000.09*^a^* ± 0.010.02*^a^* ± 0.000.82*^b^* ± 0.100.12*^b^* ± 0.021.40*^c^* ± 0.180.53*^c^* ± 0.07Malty chocolate[1](#tblfn4){ref-type="table-fn"}23-Methylbutanal6820.14*^a^* ± 0.020.07*^a^* ± 0.010.19*^a^* ± 0.120.09*^a^* ± 0.010.27*^b^* ± 0.030.10*^a^* ± 0.011.82*^c^* ± 0.230.83*^b^* ± 0.11Malty chocolate[1](#tblfn4){ref-type="table-fn"}3Acetoine7140.55*^a^* ± 0.070.42*^a^* ± 0.050.44*^b^* ± 0.060.31*^b^* ± 0.040.25*^c^* ± 0.030.11*^c^* ± 0.01----Butter[2](#tblfn5){ref-type="table-fn"}42-Methylpyrazine834------0.03*^b^* ± 0.00--0.12 ± 0.020.01*^a^* ± 0.000.17*^d^* ± 0.02Earthy nutty[3](#tblfn6){ref-type="table-fn"}52,5-Dimethylpyrazine918--0.02*^a^* ± 0.000.02*^a^* ± 0.000.51*^b^* ± 0.060.04*^a^* ± 0.000.78*^c^* ± 0.100.06*^a^* ± 0.010.55*^b^* ± 0.07Chocolate nutty[3](#tblfn6){ref-type="table-fn"}62,6-Dimethylpyrazine923--------0.03*^a^* ± 0.000.08*^b^* ± 0.010.01*^a^* ± 0.000.03*^c^* ± 0.00Nutty herbal[3](#tblfn6){ref-type="table-fn"}72,3-Dimethylpyrazine933--------0.01*^a^* ± 0.000.07*^b^* ± 0.010.05*^a^* ± 0.010.08*^b^* ± 0.01Nutty[3](#tblfn6){ref-type="table-fn"}8Trimethylpyrazine1030--0.07*^a^* ± 0.0060.03*^b^* ± 0.000.16*^b^* ± 0.020.07*^c^* ± 0.010.26*^c^* ± 0.030.11*^d^* ± 0.010.17*^b^* ± 0.02Chocolate nutty[3](#tblfn6){ref-type="table-fn"}9Tetramethylpyrazine1098------0.03*^a^* ± 0.00--1.80*^b^* ± 0.233.70*^b^* ± 0.473.23*^c^* ± 0.41Roasted nutty[4](#tblfn7){ref-type="table-fn"}  Total yield0.75 ± 0.010.60 ± 0.080.77 ± 0.101.15 ± 0.151.49 ± 0.193.44 ± 0.447.16 ± 0.915.59 ± 0.71[^4][^5][^6][^7][^8][^9][^10]

Different bacterial strains had been screened for their ability to produce 3-methylbutanal from leucine [@b0160]. Among them only *Lactococcus lactis* subsp. B1157 and *Corynebacterium ammonia* genes strain B1506 showed high ability to convert leucine to 3-methylbutanal. As shown in [Fig. 2](#f0010){ref-type="fig"}A, during fermentation leucine converts by a transamination reaction to α-ketoisocaproic acid, which is the central intermediate in amino acid catabolism. This compound either transaminated back to the corresponding amino acid (leucine) or decarboxylated directly or indirectly to the corresponding aldehyde, 3-methylbutanal [@b0160], [@b0165].Fig. 2(A) Reaction scheme of simplified leucine degradation pathways [@b0160], (B) reaction scheme of biosynthetic pathway of TTMP from acetoin [@b0045].

Acetoin showed a gradual decrease, in both cultures, during incubation period whereas, the pyrazines showed an opposite trend ([Table 2](#t0010){ref-type="table"}). Acetoin is a biodegradation product of sugar [@b0170], it possesses buttery flavor [@b0175]. 2-Methylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, 2,3-dimethylpyrazine, trimethylpyrazine and TTMP were identified in the present study. The bioproduction of TTMP was faster in NF-A culture; it comprised 1.8 ± 0.23 mg/L of the total volatiles, after incubation for 7 days, followed by a significant (*P* \< 0.05) increase after 9 days. TTMP was detected in NF culture only at the end of fermentation time (9 days), but with higher concentration (3.70 ± 0.46) mg/L than in NF-A (3.23 ± 0.40 mg/L). In previous study [@b0025], TTMP comprised 98.98% of the total volatiles produced from soytone, an enzymatic soybean hydrolysate, supplemented with vitamin by *Bacillus mutant.* Whereas, 2,3,5-trimethylpyrazine and 2-ethyl-3,5,6-trimethylpyrazine were considered as impurities, they comprised 0.09% and 0.02%, respectively. Bioproduction of TTMP by *Bacillus subtilis* was enhanced by enrichment the ground soybean suspended in water with acetoin [@b0035]. As shown in [Table 2](#t0010){ref-type="table"} the other pyrazines identified in present study were detected in much less concentration than TTMP. However, their presence confirmed the results of odor sensory analysis ([Table 2](#t0010){ref-type="table"}).

Several bacterial strains having the ability to generate the precursors required for the bioproduction of pyrazines such as α-acetolactate, acetoin, free amino acids, ammonia [@b0180]. The pathway to biosynthesis of TTMP by C*. glutamicum* from acetoin was proposed by Dickschat et al. [@b0045]. As shown in [Fig. 2](#f0010){ref-type="fig"}B, acetoin was oxidized to butandione by acetoin dehydrogenase (AD) and transaminated to 3-aminobutanone. Two units of 3-aminobutanone were consequently condensed to produce tetramethyldihydropyrazine (TTMDHP) which oxidized spontaneously to TTMP. Alternatively, a transamination reaction with acetoin may proceed at first to 3-aminobutan-2-ol which can be oxidized to 3-aminobutanone and complete the reaction as mentioned above. The bioproduction of trimethylpyrazine from acetoin by *C. glutamicum* was proposed by Dickschat et al. [@b0045]. It may be formed from one unit of acetoin and C~2~ building blocks such as glycol aldehyde or C~3~ unit such as hydroxy acetone which were absent in GC--MS data because they coelute with the solvent.

Methylpyrazine and 2,5-dimethylpyrazine can be formed by *Corynebacterium glutamicum* from acetoin with C~2~+C~3~ unit blocks [@b0045]. Combination of acetoin with other α-hydroxyketones could contribute to the bioproduction of 2,3 or 2,6-dimethylpyrazine [@b0180]. As shown in [Table 2](#t0010){ref-type="table"}, supplementation of the soybean enzymatic hydrolysate with amino acids (lysine and threonine) resulted in a higher production of 2,5-dimethylpyrazine in NF-A culture compared with the unsupplemented culture. Addition of lysine (1--2%) to the *Bacillus cereus* culture enhanced the production of 2,5-dimethylpyrazine [@b0125]. Enrichment of the ground soybean suspended in water with [l]{.smallcaps}-threonine improved the production of 2,5-dimethylpyrazine by *Bacillus subtilis.* However, the results showed that the maximum concentration of the recovered 2,5-dimethylpyrazine was limited [@b0035].

The aforementioned results revealed that the best nutty chocolate-like flavor was generated from soybean hydrolysate (NF) incubated for 9 days. So, it was selected and subjected to toxicity study and encapsulation in Arabic gum.

Toxicity test {#s0115}
-------------

The nutty chocolate like flavor produced from enzymatic hydrolyzed soybean meal fermented by *C. glutamicum* for 9 days showed very high safety. The highest safe dose demonstrated in the current study was 10 g/kg mouse body weight. There was no observed death among the different mice groups (6 groups) treated by the different doses from 0.5 to 10 mg/kg mouse body weight. The only death was observed in the seventh group that was treated by 12 g/kg mouse body weight which showed death of one mouse. The dose level of 10 g/kg mouse body weight (the safest dose) when translated to human dose, adopting interspecies conversion tables [@b0185], was found to be about 78 g/70 kg man body weight.

As shown in [Table 2](#t0010){ref-type="table"} the pyrazines comprised the highest yield (3.94 mg/L) in the investigated flavor (NF). The available studies concerning the toxicity of the pyrazines reported that the mouse acute oral LD~50~ values are greater than 2000 mg/kg [@b0190]. Short and long-term subacute chronic studies showed no adverse effect. Furthermore, the in vitro and in vivo carcinogenicity, mutagenicity and genotoxicity tests confirmed the safety of the pyrazines [@b0190]. TTMP which comprised the highest yield of the investigated flavor ([Table 2](#t0010){ref-type="table"}) have been used as medicaments for several diseases [@b0195].

Effect of encapsulation and storage on the nutty-like flavor {#s0120}
------------------------------------------------------------

In general, encapsulation resulted in a significant (*P* \< .05) decrease (55%) in the total volatiles. However, as shown in [Fig. 3](#f0015){ref-type="fig"} the total content of the branched aldehydes (2/3-methylbutanal) showed a higher (71%) decrease than that of the pyrazines (40%). It is well documented that during encapsulation the high temperature (150 °C) and presence of oxygen catalyze the dehydration and oxidative reaction and subsequently lead to the decrease in the compounds originally encapsulated [@b0200]. The two branched aldehydes could undergo further reaction during encapsulation including melanodins formation that would occur at high temperature [@b0090]. Lotfy et al. [@b0075] correlated the decrease in the more volatile compounds in the headspace of the encapsulated beef-like flavorings to their high volatility in addition they can undergo further reaction to produce volatile and non volatile compounds that would occur at high temperature [@b0070]. The results of the odor sensory evaluation ([Fig. 4](#f0020){ref-type="fig"}) confirm these results. It is obvious that encapsulation resulted in more than 63% decrease in the odor intensity of the perceived flavor ([Fig. 4](#f0020){ref-type="fig"}). Storage of the encapsulated flavor showed a gradual increase in the total pyrazines reaching more than twice their total content before storage while the branched aldehydes showed insignificant decrease ([Fig. 3](#f0015){ref-type="fig"}). The results of the odor sensory evaluation confirm those obtained by GC--MS analysis ([Fig. 4](#f0020){ref-type="fig"}). The panelists described the released volatiles of the encapsulated flavoring as nutty-like aroma. Storage resulted in a significant (*P* \< 0.05) increase in the perceived aroma.Fig. 3Total yields of the branched aldehydes and pyrazines before and after encapsulation and storage (vertical bars represented ± SD of the means, n = 3). Relative areas of each chemical group followed by same letter means no significant difference at *P* \< 0.05.Fig. 4Odor evaluation of nutty-like flavor before and after encapsulation and storage (vertical bars represented ± SD of the means, n = 10). Odor intensity followed by different letter means significant difference at *P* \< 0.05.

Conclusions {#s0125}
===========

From the aforementioned results and those obtained in previous study [@b0050]. It can be concluded that, for the same microorganism the selection of the appropriate substrate is very important to produce the desired flavor. In present study, the enzymatic soybean hydrolysate was used as a main source of the free amino acids that are required for the biosynthesis of the nutty like aroma. Supplementation of the enzymatic soybean hydrolysate with a mixture of threonine and lysine, as precursors of alkylated pyrazines, resulted in faster production of nutty chocolate-like aroma. However, the odor intensity and total volatiles produced at the end of fermentation time (9 days) was higher in the unsupplemented culture.

The toxicity study confirmed the safety of using the alkylated pyrazines as flavoring agents. The high yield of 2/3-methylbutanal confirmed the chocolate note of the biosynthesized nutty flavor. Storage of the encapsulated nutty flavorings improved its quality. The results of GC--MS analysis confirmed those of odor sensory evaluation.
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[^1]: r: correlation coefficient between the cultures growth (dry matter) and content of each of total sugar and reducing sugar during incubation.

[^2]: Values are the average of triplicate analysis (g/100 mL fermented culture) ±SD.

[^3]: Cell dry weight of *C. glutamicum* culture.

[^4]: Values are the average of triplicate analysis (mg/L fermented cultures) ±SD.

[^5]: Mean values in the same row for each culture followed by different superscript lower case letters are significantly different at *P* \< 0.05.

[^6]: Retention indices.

[^7]: Rodriguez-Campos et al. [@b0205].

[^8]: Forster et al. [@b0175].

[^9]: Bonvechi [@b0210].

[^10]: Afoakwa et al. [@b0035].
